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ABSTRACT
We investigate the on-average properties for 28 star-forming ultra-diffuse galaxies (UDGs) located in low-
density environments, by stacking their spectra from the Sloan Digital Sky Survey. These relatively-isolated
UDGs, with stellar masses of log10(M∗/M) ∼ 8.57 ± 0.29, have the on-average total-stellar-metallicity
[M/H]∼ −0.82± 0.14, iron-metallicity [Fe/H]∼ −1.00± 0.16, stellar age t∗ ∼ 5.2± 0.5 Gyr, α-enhancement
[α/Fe]∼ 0.24± 0.10, and oxygen abundance 12+log(O/H)∼ 8.16± 0.06, as well as central stellar velocity dis-
persion 54±12 km/s. On the star-formation rate versus stellar mass diagram, these UDGs are located lower than
the extrapolated star-forming main sequence from the massive spirals, but roughly follow the main sequence of
low-surface-brightness dwarf galaxies. We find that these star-forming UDGs are not particularly metal-poor or
metal-rich for their stellar masses, as compared with the metallicity-mass relations of the nearby typical dwarfs.
With the UDG data of this work and previous studies, we also find a coarse correlation between [Fe/H] and
magnesium-element enhancement [Mg/Fe] for UDGs: [Mg/Fe]' −0.43(±0.26)[Fe/H]−0.14(±0.40).
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1. INTRODUCTION
As a possible challenge to current galaxy formation mod-
els, many properties of the population of ultra-diffuse galax-
ies (UDGs; van Dokkum et al. 2015; Mihos et al. 2015), in-
cluding but not limited to their halo masses and dark matter
fractions (e.g., van Dokkum et al. 2016, 2018), spins (Rong
et al. 2017a; Leisman et al. 2017), alignments and morpholo-
gies (e.g., Yagi et al. 2016; Rong et al. 2019a,b, 2020), gas
content and star formation (e.g., Trujillo et al. 2017; Leis-
man et al. 2017), and particularly, metallicities (e.g., Gu et
al. 2018; Ruiz-Lara et al. 2018; Ferre´-Mateu et al. 2018;
Pandya et al. 2018; Martı´n-Navarro et al. 2019; Fensch et
al. 2019), are still not clear. To the present, the studies for
UDG metallicities are almost focused on the quiescent mem-
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bers in galaxy clusters/groups; the metallicity properties of
star-forming UDGs are barely investigated.
Metallicity is one of the fundamental observational quan-
tities that could provide information about the evolution of
UDGs. The metal content of a galaxy is determined by a
complex interplay between cosmological gas inflow, metal
production by stars, and gas outflow via feedback. Inflows
usually dilute the metallicity of a galaxy (e.g., Rupke et al.
2010) while provide fuel for star formation, which then con-
vert hydrogen and helium to heavier elements. The out-
flows driven by stellar or AGN feedback inject energy into
the interstellar medium and flow the gas and metals out of
the galaxy (e.g., Rong et al. 2017b; Christensen et al. 2018).
The ejected metals can escape from the gravitational poten-
tial well of the galaxy or be re-accreted into the galaxy and
enrich it again. Measuring the gas-phase and stellar metal-
licities thus augments the understanding of the importance of
outflows/inflows during UDG formation. The studies of the
α-element enhancement of UDG stellar population can, how-
ever, provide clues about the time-scale of star formation in
UDGs. The α-enhancement is measured through the [α/Fe]
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ratio, where α-elements and irons (Fe) are ejected into the
interstellar medium primarily by Type II and Ia supernovae
(SN II and SN Ia), respectively. Since SN Ia start to occur
∼ 1 Gyr after the onset of star formation while SN II ap-
pear much sooner, the ratio of α elements, such as magne-
sium to iron ([Mg/Fe]), can be used to estimate relative star-
formation timescales. A shorter episode of star formation in
a UDG will result in an α-enhanced stellar population due
to the enrichment of magnesium from the SN II, and the α-
enhancement will begin to drop after SN Ia appear due to the
dilution of magnesium with iron in the interstellar medium
(Thomas et al. 2005).
We will select a sample of star-forming UDGs with spectra
from the Sloan Digital Sky Survey (SDSS), located in the
low-density environments, and stack their spectra to obtain a
relatively-high signal-to-noise ratio (S/N) spectrum, and then
study the on-average metallicity with the stacked spectrum.
In section 2, we will describe the selection of UDG sample.
We will describe the method of stacking the spectra of UDGs
and investigate the on-average UDG properties in section 3,
as well as discuss our results in section 4. In this paper, we
assume the Hubble constant H0 = 69.6 km/s (Bennett et al.
2014), and use “log” to represent “log10”.
2. SELECTING UDGS IN SDSS
We first select a sample of low-surface-brightness galaxies
with the mean surface brightness (within effective radius reff )
〈µeff,abs(r)〉 > 22.5 mag/arcsec2 from the galaxy catalog of
Simard et al. (2011), which contains 670,131 galaxies with
SDSS optical spectra; each galaxy was roughly fitted with a
pure Se´rsic model by Simard et al. (2011); we only select the
large galaxies with reff > 1.5 kpc as the candidates. The
optical images of these candidates are then inspected by eyes
to further abandon the objects being the substructures of large
galaxies or having close companions such as bright stars or
galaxies. 103 candidates are preliminarily selected.
For each selected candidate, we utilize a Se´rsic+sky model
to fit its g and r-band fully-processed SDSS images with
GALFIT (Peng et al. 2010), by using the iterative fitting
methodology outlined in Eigenthaler et al. (2018) (to remove
the contaminations of member globular clusters, background
interlopers, and star-forming regions, etc). In Fig. 1, we show
the fitting results of several examples. The stellar masses are
estimated by using the r-band luminosities and stellar mass-
to-light ratios derived from the Galactic extinction corrected
colors, log(M∗/L) = −0.306−0.15+1.097× (g−r) (Guo
et al. 2020). The 33 galaxies with the g-band central surface
brightness µ0,g > 23.5 mag/arcsec2, reff > 1.5 kpc, and
logM∗ < 9.0 are selected as UDGs.
Among the 33 UDGs, there are 5 UDGs for which the
SDSS 3′′ fiber aperture targeted at their star-forming regions
(e.g., panel E of Fig. 1) or central nuclei/small-bulges (e.g.,
panel F of Fig. 1); these regions exhibit the colors signifi-
cantly different from the colors of their entire stellar bodies in
their RGB images. Therefore, the 5 UDGs are further aban-
doned, since their SDSS spectra cannot reveal the on-average
properties of these UDGs. Finally, only 28 UDGs with SDSS
Figure 1. The left, middle, and right panels show the original RGB
images, fitting models, and residuals (g-band), respectively. Pan-
els A, B, C, and D show the examples of the selected UDGs in this
work; panels E and F exhibit the two abandoned UDG candidates
since the SDSS 3 arcsec spectroscopic fiber (blue circles in the left
panels show the 3 arcsec aperture) targets at the star-forming re-
gion and central nucleus with the distinct color from the entire stel-
lar body, respectively. The SDSS names of these galaxies are also
shown in the corresponding panels; the numbers in the brackets cor-
respond to the UDG numbers in Table 1.
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Figure 2. The scale relation for the UDGs in this work (blue filled circles), and UDGs in the Virgo (purple diamonds; Mihos et al. 2015), Coma
(light-orange diamonds; van Dokkum et al. 2015), and Fornax (red filled circles; Rong et al. 2019a) clusters, as well as fields (purple hexagons;
Leisman et al. 2017), plotted on that of typical dwarfs (black filled circles) and massive galaxies (squares) in the nearby clusters (Ho et al. 2011;
Ferrarese et al. 2012).
spectra are selected, as listed in Table 1; each selected UDG
resides in the low-density environment, i.e., outside of the
virial radius (Rvir) of the nearest galaxy group/cluster (Saul-
der et al. 2016). As explored in Fig. 2, our UDG sample rep-
resents the relatively-bright UDG population; it is because
that our UDGs are star-forming (cf. Fig. 3), and thus have
relatively-lower M∗/L than those UDGs in clusters; there-
fore, the same M∗ range corresponds to relatively-brighter
star-forming UDGs.
3. DATA ANALYSIS AND UDG PROPERTIES
Since the S/N (defined as the median S/N in 5490-5510 A˚)
of an individual UDG spectrum is low (S/N∼ 3 − 14), we
stack the spectra of the selected UDGs and study the on-
average stellar and gas-phase metallicities. For each galaxy
spectrum from SDSS, we first correct it for the Galactic ex-
tinction by using the extinction curve of Fitzpatrick (1999)
with RV = 3.1 and E(B − V ) value from the NASA/IPAC
Extragalactic Database; the spectrum is then shifted to the
rest frame and interpolated onto a wavelength grid spanning
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Num RA DEC z distance µ0,g reff mr,f Mr g − r logM∗ R/Rvir SFRfiber SFRtot
(deg) (deg) (Mpc) (mag/′′2) (kpc) (mag) (mag) (mag) (logM) (M/yr) (M/yr)
1 164.087 56.760 0.00615 29.6 23.75 2.9 19.49 -17.14 0.56 8.9 1.83 1.0× 10−4 6.1× 10−3
2 207.304 33.317 0.00723 35.0 23.75 1.8 20.95 -15.32 0.31 7.9 5.37 1.9× 10−4 6.4× 10−3
3 232.685 47.319 0.00855 38.0 24.02 3.6 20.27 -17.07 0.54 8.8 2.93 3.0× 10−3 1.4× 10−1
4 185.314 58.085 0.00944 41.3 23.51 2.3 19.50 -17.02 0.43 8.7 8.60 8.9× 10−4 2.3× 10−2
5 234.388 58.580 0.00972 42.7 23.85 2.4 19.72 -16.58 0.45 8.5 1.28 1.8× 10−3 3.2× 10−2
6 111.809 42.204 0.01003 44.8 24.53 3.1 21.01 -16.46 0.51 8.5 3.45 8.4× 10−4 3.1× 10−2
7 234.284 20.146 0.01027 45.9 25.02 3.0 20.82 -16.19 0.26 8.2 4.96 8.2× 10−3 1.6× 10−1
8 146.881 10.492 0.01044 49.6 23.97 1.9 20.41 -15.75 0.29 8.0 1.74 1.3× 10−3 2.0× 10−2
9 177.654 24.926 0.01216 56.7 23.86 2.5 20.39 -16.35 0.27 8.2 1.80 4.7× 10−4 8.1× 10−3
10 146.339 14.580 0.01267 59.3 24.36 3.2 19.96 -16.59 0.33 8.4 5.75 2.7× 10−3 3.5× 10−2
11 139.232 14.714 0.01314 58.5 24.15 2.7 20.76 -16.64 0.36 8.4 8.37 2.8× 10−4 7.7× 10−3
12 48.454 -8.147 0.01372 56.8 23.68 2.8 19.66 -16.90 0.23 8.4 2.76 9.6× 10−3 9.0× 10−2
13 187.568 3.073 0.01366 63.9 23.66 2.1 19.93 -16.26 0.28 8.2 10.5 2.6× 10−3 2.3× 10−2
14 191.489 35.171 0.01453 68.2 24.00 3.3 19.95 -16.87 0.31 8.5 6.24 2.3× 10−3 3.0× 10−2
15 157.110 31.262 0.01497 69.0 23.56 2.0 20.26 -16.50 0.25 8.3 6.06 3.3× 10−3 3.5× 10−2
16 153.282 36.096 0.01491 69.0 24.72 3.2 20.41 -16.48 0.38 8.4 7.84 1.3× 10−3 1.7× 10−2
17 240.561 17.506 0.01589 70.4 24.00 3.4 20.29 -17.42 0.35 8.8 2.98 1.4× 10−3 3.2× 10−2
18 202.486 -0.614 0.01652 75.7 23.65 3.0 19.91 -17.54 0.35 8.8 6.39 2.5× 10−3 3.6× 10−2
19 121.914 56.925 0.01832 80.7 23.68 3.0 20.67 -17.02 0.45 8.7 6.41 1.8× 10−3 3.1× 10−2
20 152.880 65.090 0.02008 88.1 23.83 3.9 19.32 -17.86 0.34 8.9 13.7 1.3× 10−2 1.2× 10−1
21 197.298 28.777 0.02123 94.6 23.84 2.6 20.70 -17.06 0.34 8.6 2.28 3.5× 10−3 4.5× 10−2
22 182.807 14.165 0.02119 96.2 24.27 3.5 20.13 -17.31 0.46 8.8 6.73 7.6× 10−3 6.3× 10−2
23 171.122 34.581 0.02128 96.6 23.88 3.2 19.83 -17.34 0.39 8.8 1.80 4.8× 10−3 4.1× 10−2
24 176.358 32.252 0.02150 97.2 23.97 3.3 20.13 -17.18 0.39 8.7 5.47 3.9× 10−3 3.5× 10−2
25 149.448 4.521 0.02137 99.4 23.90 3.1 20.84 -17.55 0.43 8.9 9.87 1.3× 10−3 2.8× 10−2
26 177.310 36.763 0.02196 98.4 24.29 4.6 19.87 -17.66 0.28 8.8 6.77 5.7× 10−3 6.5× 10−2
27 256.171 62.035 0.02324 99.8 23.75 4.3 19.84 -17.85 0.33 8.9 15.8 1.4× 10−2 1.4× 10−1
28 166.879 16.755 0.02665 120.0 23.57 3.4 19.93 -17.72 0.35 8.9 10.2 5.2× 10−3 4.5× 10−2
Table 1. Properties of the selected UDGs. Col. (1): galaxy number; Col. (2): RA; Col. (3): DEC; Col. (4): spectroscopic redshift; Col.
(5): distance to us (corrected for CMB), obtained from the NASA/IPAC Extragalactic Database; Col. (6): observed g-band central surface
brightness; Col. (7): g-band effective radius; Col. (8): r-band SDSS fiberMag without correction for extinction; Col. (9): r-band absolute
magnitude corrected for Galactic extinction; Col. (10): g − r color corrected for Galactic extinction; Col. (11): estimated stellar mass; Col.
(12): three-dimensional distance to the nearest galaxy cluster/group, normalized by the virial radius of group/cluster; Col. (13): SFR covered
by the SDSS 3′′ fiber aperture; Col. (14): estimated total star-formation rate.
3790–6800A˚ with spacing ∆ lnλ (A˚) = 1. Each spectrum
is normalized with the median flux density in 4400−4450A˚.
We then stack the spectra using the median flux density at
each wavelength (S/N∼ 30 for the stacked spectrum); the
stacked spectrum is shown in Fig. 3. The significant Hα
emission line indicates that our relatively-isolated UDGs are
star-forming.
Since the old stellar population would be shaded by the
light of the recently-formed stars in our star-forming UDGs,
in order to study the star-formation history (SFH) and mass-
weighted properties for our UDGs, analogous to the work of
Fahrion et al. (2019) and Rong et al. (2018), we use PPXF
(Cappellari 2017, V7.3.0) to fit the stacked spectrum, with
the MILES single stellar population (SSP) template spectra
(Vazdekis et al. 2015), plus emission-line models (assum-
ing the Balmer decrement for Case B recombination). The
MILES models implement the BaSTI isochrones (Pietrin-
ferni et al. 2006) and a Milky Way-like, double power law
(bimodal), initial mass function (IMF) with a high mass
slope of 1.30, and include 53 ages from 30 Myr to 14 Gyr,
and 12 stellar metallicities from [M/H]=-2.27 to +0.40. We
follow the linear regularization process of (McDermid et
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Figure 3. Panel a: the stacked spectrum (blue), best-fit stellar model (orange), and residual (green) of the selected 28 UDGs. The Mg-feature,
Mgb, and Fe-features, Fe5270 & Fe5335, are also shown. Panels b & c show the regularized (with the 2nd-order regularization matrix) mass-
weighted and light-weighted stellar age-metallicity distributions revealing SFH, respectively, with the color-bars giving the mass and light
fractions corresponding to each value for age and metallicity. Panel d: the mass assembly (black) and light assembly (red) of our UDGs; the
dark-green lines indicate when our UDGs had already formed 50%, 75%, and 95% of their stellar masses/light, respectively. For comparison,
we show the SFH without regularization (dotted) as well as SFHs with the regularized solutions of applying the first- (dashed), second- (solid),
and third-order (dot-dashed) regularization matrixB, i.e., B=diag(1,-1), B=diag(1,-2,1), andB=diag(1,-3,3,-1), respectively (cf. Boecker et al.
2020).
al. 2015, adopting the second-order regularization matrix,
i.e., the PPXF option ‘REG ORD’=2) to smooth the varia-
tion in the weights of templates of similar ages and metal-
licities. Since the original MILES library only offers the
scaled solar models ([α/Fe]=0) and alpha enhanced models
([α/Fe]=0.4 dex), using a regularized PPXF solution seems
unphysical; to develop a better sampled grid of SSP mod-
els for the fits, we linearly interpolate between the available
SSPs to create a grid from [α/Fe]=0 to [α/Fe]=0.4 dex with a
spacing of 0.1 dex, following the same method described in
Fahrion et al. (2019). These models are created under the as-
sumption that the [α/Fe] abundances behave linearly in this
regime and only give the average [α/Fe]; however, note that
in reality the abundances of different α-elements might be
decoupled. These α-variable MILES models allow to study
the distribution of α-abundances from high S/N spectra. We
set up PPXF to use the multiplicative polynomials of the 10th
order, and derive the optimal (best-fit) stellar template. The
best-fit stellar spectrum continuum is shown in Fig. 3.
Stellar properties: We obtain the on-average mass-
weighted total-metallicity [M/H]= −0.82 ± 0.14 and stellar
age t∗ = 5.2 ± 0.5 Gyr, as well as [α/Fe]' 0.24 ± 0.10
(the PPXF fitting also gives the light-weighted [M/H]∼
−0.93±0.17, t∗ ∼ 2.2±0.7 Gyr, and [α/Fe]∼ 0.27±0.11).
The mass-weighted iron-metallicity [Fe/H]' −1.00 ± 0.16
is estimated from [Fe/H]'[M/H]-0.75[α/Fe] (Vazdekis et al.
2015). As explored in panel a of Fig. 4, similar to the mass-
metallicity relations of UDGs in galaxy clusters/groups (Gu
et al. 2018; Ferre´-Mateu et al. 2018; Fensch et al. 2019;
Ruiz-Lara et al. 2018; Pandya et al. 2018), our UDGs follow
6 RONG ET AL.
(or located slightly lower than) the universal [Fe/H]−M∗
relation of the nearby typical dwarf galaxies (Kirby et al.
2013); in this sense, our UDGs are not particularly metal-
poor or metal-rich for their stellar masses. Yet our UDGs
in the low-density environments are younger than most of
the member UDGs in galaxy clusters/groups (Gu et al. 2018;
Ferre´-Mateu et al. 2018; Fensch et al. 2019; Ruiz-Lara et al.
2018) but older than the isolated UDG DGSAT I (Martı´n-
Navarro et al. 2019), as shown in panel b of Fig. 4.
Since the information contained in relevant Mg- and Fe-
sensitive features might be diluted by full-spectrum fit-
ting, we also utilize the line strengths of Mgb, Fe5270,
Fe5335, measured with the Lick/IDS index definitions of
Worthey et al. (1994), to directly estimate [Mg/Fe]. Anal-
ogous to the method of Martı´n-Navarro et al. (2019), we
plot the Mgb versus 〈Fe〉 =(Fe5270+Fe5335)/2 of our
UDGs onto the SSP model grids of MILES (we choose
to plot the models with t∗ ∼ 2.25 Gyr, closest to the light-
weighted age from the full-spectrum fitting), which have
been broadened to match the resolution of the stacked spec-
trum, i.e., σSSP '
√
σ2SDSS + σ
2
los (where the SDSS reso-
lution σSDSS ' 2.76/2.355 A˚ corresponds to ∼ 67 km/s
in 5140-5365 A˚ covering Mgb, Fe5270, & Fe5335, and
σlos is the dispersion of our UDGs; see below), as shown
in panel c of Fig. 4. We interpolate the model grids and
find [Mg/Fe]' 0.29 ± 0.27, similar to the light-weighted
[Mg/Fe] from the full-spectrum fitting1. As shown in panel d
of Fig. 4, our relatively-isolated UDGs have a lower [Mg/Fe]
compared with the extremely-high [Mg/Fe]∼ 1.5 ± 0.5 of
DGSAT I (Martı´n-Navarro et al. 2019); yet it is similar to
the [Mg/Fe] of the member UDGs in clusters/groups (Ferre´-
Mateu et al. 2018; Fensch et al. 2019). With these [Fe/H] vs.
[Mg/Fe] data of UDGs in fields and clusters, we use a linear
fitting to estimate the [Mg/Fe]-[Fe/H] relation of UDGs, and
derive [Mg/Fe]' −0.43(±0.26)[Fe/H]−0.18(±0.41).
In panel d of Fig. 3, we also show the on-average cumula-
tive SFH of our UDGs using the regularized PPXF solution
(black solid; using the 2nd-order regularization matrix B);
for comparison, we also show the SFH without regulariza-
tion (dotted) and SFHs of applying the first- (dashed) and
third-order (dot-dashed)B (cf. Boecker et al. 2020). The dif-
ferent regularization methods uniformly recover an extended
SFH2, lasting for more than 10 Gyr, similar to the extended
SFHs of other UDGs in clusters and fields (Ferre´-Mateu et
al. 2018; Martı´n-Navarro et al. 2019). Following the regular-
ized solution of applying the 2nd-order B, we find that at the
redshift z ∼ 1.2 and ∼ 0.2 (corresponding to the lookback
time t ∼ 8.6 Gyr and t ∼ 2.1 Gyr, respectively), our UDGs
assembled their 50% and 90% stellar masses, respectively.
1 Hence, the full-spectrum fitting results can reveal the [Mg/Fe] of UDGs;
hereafter, we always use the mass-weighted [Mg/Fe] from the full-spectrum
fitting because that the light-weighted properties may be dominated by the
youngest stars in our star-forming UDGs.
2 The different regularization methods also give similar [M/H], t∗, and
[α/Fe], considering their uncertainties.
To estimate the on-average stellar velocity dispersion σlos
of our UDGs, we set the additive polynomials of the 12th
order and multiplicative polynomials of the 14th order (Fen-
sch et al. 2019), and fit the stacked spectrum again. We find
σlos ' 54± 12 km/s for our UDGs3, comparable to the high
dispersion of DGSAT I (Martı´n-Navarro et al. 2019). How-
ever, note that σlos only suggests the central stellar dispersion
of our UDGs, since the SDSS fiber primarily targets at the
central regions of our UDGs.
Gas-phase properties: After subtracting the best-fit stellar
models from the stacked spectrum, we then use a Gaussian
profile to fit each emission line carefully and estimate the on-
average gas-phase metallicity. Since the [O II] lines are not
covered by the wavelength range of the stacked spectrum, we
use two additional powerful diagnostics, i.e., N2S2Hα de-
fined by Dopita et al. (2016) and O3N2 described in Pettini
& Pagel (2004), to estimate the oxygen abundance, respec-
tively. The former diagnostic makes use of the flux ratios of
[N II]λ6584/Hα and [N II]λ6584/[S II]λλ6717,31, while the
latter one applies [O III]λ5007/Hβ and [N II]λ6584/Hα, to
determine the O/H ratio. By the uses of emission lines lo-
cated close together in wavelength, the two diagnostics are
actually independent of the internal extinction. We obtain
12+log(O/H)' 7.94 ± 0.10 (N2S2Hα) and ' 8.38 ± 0.07
(O3N2) for our UDGs, and treat the mean 12+log(O/H) value
from the two diagnostics as the final on-average metallicity.
As shown in panel e of Fig. 4, we find that, different from the
relatively-high oxygen abundance of the star-forming UDG
UGC 2162 (g − r ' 0.45, 12+log(O/H)=8.22 ± 0.07; Tru-
jillo et al. 2017), the on-average oxygen abundance of our
UDGs follow (within 1σ uncertainty) the 12+log(O/H)-M∗
relation of the nearby star-forming dwarf galaxies (Lee et al.
2006), confirming again that our UDGs in the low-density
environments are not particularly metal-poor or metal-rich.
In order to assess the star-formation rate (SFR) of each
UDG, we impose to fit the spectrum of each UDG with the
optimal stellar template, and derive the Hα emission line flux
covered by the SDSS 3′′ fiber from the residual spectrum.
The SFR in fiber aperture, SFRfiber, is obtained by adopt-
ing the Hα luminosity-SFR relation of Kennicutt (1994). We
also estimate the total SFR of each UDG by using the ratio
of luminosities of the region covered by the fiber and entire
galaxy; note that the total SFR is actually the upper-limit,
since the SDSS fiber primarily targets at the central regions
of our UDGs, while the star formation in a dwarf galaxy
is usually concentrated at the central region. As shown in
panel f of Fig. 4, on the SFR versus M∗ diagram, our UDGs
are distributed lower than the extrapolated star-forming main
sequence from the massive spirals (brown; Speagle et al.
2014), but plausibly follow (or be slightly lower than) the
main sequence of the low-surface-brightness dwarf galaxies
3 We have used the mock spectra with the different input stellar disper-
sions but same S/N (∼ 30) of our stacked spectrum, and found that the pPXF
fitting can well recover a dispersion > 35 km/s; for σlos < 35 km/s, the
fitting slightly under-estimates (but still in 1σ uncertainty range) the input
dispersions (cf. also Gue´rou et al. 2017; Cappellari 2017).
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Figure 4. Panel a: stellar metallicities [Fe/H] versus stellar masses M∗ for UDGs, compared with the universal [Fe/H]-M∗ relation of nearby
dwarf galaxies obtained from Kirby et al. (2013). Panel b: [Fe/H] versus stellar ages τ∗ for UDGs. Panel c: Mgb vs. 〈Fe〉 of our UDGs plotted
onto the MILES model grids (the model age closest to the light-weighted t∗ ∼ 2.2 Gyr, i.e., 2.25 Gyr, is chosen). Panel d: [Mg/Fe] vs. [Fe/H]
for UDGs (for our star-forming UDGs, we use the mass-weighted [Mg/Fe] value from the pPXF full-spectrum fitting); the best linear-fitting
result for the [Mg/Fe]-[Fe/H] relation of these UDGs is also shown. Panel e: oxygen abundance 12+log(O/H) as a function of M∗ for UDGs,
compared with the mass-metallicity relation for nearby star-forming dwarfs obtained by Lee et al. (2006). Panel f: SFRs vs. M∗ for UDGs,
compared with the main sequences of star-forming massive spirals (brown) and low-surface-brightness dwarfs (black) obtained by Speagle et
al. (2014) and McGaugh et al. (2017), respectively; the blue closed circles and open circles show the estimated total SFRs (i.e., upper-limits)
and SFRs covered by the SDSS 3 arcsec fiber (the two SFRs of each UDG is linked by a dotted line), respectively. In the six panels, the blue
color always denotes our UDGs in this work, while the cyan, light-green, orange, magenta, yellow, red, and dark-green diamonds denote the
UDGs in previous literature of Gu et al. (2018), Ferre´-Mateu et al. (2018), Ruiz-Lara et al. (2018), Fensch et al. (2019), Pandya et al. (2018),
Martı´n-Navarro et al. (2019), and Trujillo et al. (2017), respectively (indicated in the inset of panel a).
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(black; McGaugh et al. 2017), suggesting a possible lower
star-formation efficiency (i.e., low SFR/H2) or HI-to-H2 ra-
tio in these UDGs.
4. DISCUSSION
In this work, for our small UDG sample including 28 mem-
bers, we used the bootstrap methodology to estimate the un-
certainty of each on-average property. We randomly sam-
pled the spectra of the 28 UDGs with replacement for 1,000
times; in each sampling, we stack the 28 sampled spectra
and fit the stacked spectrum following the steps described
in section 3, and thus obtain 1,000 numbers of t∗, [M/H],
[α/Fe], line indices, emission-line fluxes, and dispersions,
etc. For t∗, [M/H], line indices, and emission-line fluxes,
their standard deviations σstd are treated as the uncertainties.
For [α/Fe], since we linearly interpolated the SSP models
between [α/Fe]=0 and 0.4 dex with a spacing of 0.1 dex,
we included an additional error of ∼ 0.1 dex which is the
maximum [α/Fe] uncertainty possibly introduced by inter-
polation, i.e., the [α/Fe] uncertainty ' √σ2std + 0.12. For
σlos, we included the average redshift uncertainty of the 28
UDGs, i.e., σz ∼ 2.4 × 10−5 corresponding to a dispersion
error of ∼ 7 km/s, therefore, the stellar dispersion uncer-
tainty '√σ2std + 72.
Since our UDGs have very-extended SFH and assembled
their 50% and 90% stellar masses at z ∼ 1.2 and ∼ 0.2
respectively, it may reject the current failed L∗ UDG forma-
tion model (Yozin & Bekki 2015), where UDGs should be
quenched at z & 2. Besides, the tidal interaction with mas-
sive galaxies is also very unlikely to be the formation mech-
anism for our relatively-isolated UDGs.
The light-weighted stellar age (t∗ ∼ 2.2 ± 0.7 Gyr) from
the PPXF full-spectrum fitting is smaller than the mass-
weighted age (t∗ ∼ 5.2 ± 0.5 Gyr); as shown in panel d
of Fig. 3, 30% light is contributed by the recently-formed
stars with t∗ < 1 Gyr. These suggest that the light-weighted
metallicity values should be significantly affected by the
youngest stars. However, the light-weighted metallicities
(including [M/H] and [α/Fe]) are comparable to the mass-
weighted metallicities; it probably indicates that the metal-
rich outflows or metal-poor inflows reduced the metallicities
produced by the previous generations of stellar populations,
since the recently-formed stars in our UDGs do not show
significantly-higher metallicities than the underlying old stel-
lar populations. The results may be compatible with the cur-
rent stellar-feedback model of Chan et al. (2018) or high-spin
model of Rong et al. (2017a), which can predict the outflows
or inflows during the formation of isolated UDGs as well as
present-day star-forming UDGs with the low specific SFRs
and stellar ages/metallicities similar to our results.
However, it is also worth to note that, our isolated UDGs
are not particularly metal-poor/rich for their stellar masses,
as their [Fe/H]-M∗ and 12+log(O/H)-M∗ relations follow the
mass-metallicity relations of typical dwarfs; it suggests that
the feedback-driven outflows in UDGs were not particularly
stronger than those in the typical dwarf counterparts (e.g.,
Spitoni et al. 2010).
Yet, note also that our UDGs are relatively-isolated, star-
forming, and thus represent the relatively-bright side of UDG
populations as shown in Fig. 2; therefore, there may be a
systematic property bias of our star-forming UDGs from that
of the entire UDG population.
Finally, for panel d of Fig. 4, we indicate that the [Mg/Fe]
based on the different SSP models may be different, par-
ticularly for the low-metallicity cases; therefore, in order
to obtain a more accurate [Mg/Fe] vs. [Fe/H] relation, the
[Mg/Fe] of NGC 1052-DF2 obtained from the SSP models
of Thomas et al. (2011) (TMJ11) should be estimated again
with the MILES SSP models (Fensch et al. 2019). Using the
line indices values of NGC 1052-DF2 given by Fensch et al.
(2019), we find that TMJ11 gives a lower [Mg/Fe], compared
with the MILES models (with a difference of ∆[Mg/Fe]∼
0.3 dex). After the revision, we obtain a corrected relation of
[Mg/Fe]' −0.43(±0.26)[Fe/H]−0.14(±0.40) for UDGs.
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